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Photosynthesis	drives	 the	production	of	ATP	and	NADPH,	and	acts	as	a	 source	of	 carbon	 for	3	
primary	 metabolism.	 NADPH	 is	 also	 used	 in	 the	 production	 of	 many	 natural	 bioactive	4	
compounds.	These	are	usually	synthesized	in	low	quantities	and	are	often	difficult	to	produce	5	
by	chemical	synthesis	due	to	their	complex	structures.	Some	of	the	crucial	enzymes	catalyzing	6	
their	 biosynthesis	 are	 the	 cytochromes	 P450	 (P450s)	 situated	 in	 the	 endoplasmic	 reticulum	7	
(ER),	 powered	by	 electron	 transfers	 from	NADPH.	Dhurrin	 is	 a	 cyanogenic	 glucoside	 and	 its	8	
biosynthesis	 involves	a	dynamic	metabolon	 formed	by	two	P450s,	a	UDP-glucosyltransferase	9	
(UGT)	and	a	P450	oxidoreductase	 (POR).	 Its	biosynthetic	pathway	has	been	relocated	 to	 the	10	
chloroplast	 where	 ferredoxin,	 reduced	 through	 the	 photosynthetic	 electron	 transport	 chain,	11	
serves	 as	 an	 efficient	 electron	 donor	 to	 the	 P450s,	 bypassing	 the	 involvement	 of	 POR.	12	
Nevertheless,	 translocation	 of	 the	 pathway	 from	 the	 ER	 to	 the	 chloroplast	 creates	 other	13	
difficulties,	 such	 as	 the	 loss	 of	 metabolon	 formation	 and	 intermediate	 diversion	 into	 other	14	
metabolic	 pathways.	 We	 show	 here	 that	 co-localization	 of	 these	 enzymes	 in	 the	 thylakoid	15	
membrane	leads	to	a	significant	increase	in	product	formation,	with	a	concomitant	decrease	in	16	
off-pathway	 intermediates.	 This	 was	 achieved	 by	 exchanging	 the	 membrane	 anchors	 of	 the	17	
dhurrin	 pathway	 enzymes	 to	 components	 of	 the	 Twin-arginine	 translocation	 pathway,	 TatB	18	
and	TatC,	which	have	self-assembly	properties.	Consequently,	we	show	4-fold	increased	titers	19	


































promise	 of	 producing	 a	 range	 of	 compounds,	 from	 high-value	 specialty	 compounds	 such	 as	4	
therapeutics	 to	 bulk	 commodities	 including	 plastics	 and	 biofuels,	 in	 a	 cheap	 and	 renewable	5	
manner.	 Many	 such	 specialty	 compounds	 are	 plant	 natural	 products	 whose	 biosynthesis	6	
requires	 enzymes	 termed	 cytochromes	 P450	 (P450s).	 These	 are	 heme-containing	7	
monooxygenases	 that	 catalyze	 regio-	 and	 stereo-specific	 hydroxylations	 often	 difficult	 to	8	
perform	 by	 chemical	 synthesis.	 In	 eukaryotes,	 P450s	 localize	 to	 the	 endoplasmic	 reticulum	9	
(ER)	and	require	a	NADPH-dependent	reductase	to	provide	electrons	as	reducing	power	1–3.	10	
Dhurrin	(D-glucopyranosyloxy-(S)-p-hydroxymandelonitrile)	is	a	cyanogenic	glucoside	used	as	11	
a	 defense	 compound	 by	 Sorghum	 bicolor	 and	 has	 served	 as	 a	 model	 pathway	 to	 study	 the	12	
coupling	 of	 heterologously	 expressed	 P450s	 to	 photosynthetic	 electron	 transport4–8.	 The	13	
pathway	 consists	 of	 two	 ER	 membrane-bound	 cytochrome	 P450	 enzymes	 (CYP79A1	 and	14	
CYP71E1)	 and	 a	 soluble	 UDP-glucosyltransferase	 (UGT85B1),	 which	 catalyzes	 the	 step-wise	15	
conversion	 of	 tyrosine	 to	 dhurrin	 (Fig.	 1a).	 CYP79A1	 converts	 L-tyrosine	 to	 (Z)-p-16	
hydroxyphenylacetaldoxime	 (oxime),	 which	 is	 converted	 into	 the	 cyanohydrin	 p-17	
hydroxymandelonitrile	 (nitrile)	 by	 CYP71E1.	 Lastly,	 UGT85B1	 stabilizes	 the	 nitrile	 by	18	
glucosylation	 to	 yield	 dhurrin	 9–11.	 Since	 the	 nitrile	 is	 labile	 at	 neutral	 and	 alkaline	 pH	 it	19	
dissociates	 into	 HCN	 and	 p-hydroxybenzaldehyde	 (aldehyde)	 if	 not	 rapidly	 glucosylated12.	20	
These	 enzymes	 were	 recently	 shown	 to	 form	 a	 dynamic	 metabolon	 together	 with	 the	21	
cytochrome	P450	oxidoreductase	 (POR),	 that	 efficiently	 channels	 the	 substrate	 into	 the	 final	22	
product	13,	thereby	avoiding	this	unwanted	side-reaction.		23	
The	dhurrin	pathway	can	be	relocated	 to	 the	chloroplast	where	 ferredoxin,	 reduced	 through	24	
photosynthesis,	serves	as	an	efficient	electron	donor	to	the	P450s	4,	bypassing	the	involvement	25	
of	POR	14,15.	Nonetheless,	the	relocation	of	entire	pathways	is	often	associated	with	issues	such	26	
as	 the	 disruption	 of	 endogenous	 complexes	 that	 might	 lead	 to	 leakage	 of	 potentially	 toxic	27	
and/or	unstable	intermediates	that	can	be	secreted	or	diverted	into	other	metabolic	pathways,	28	
leading	to	reduced	yields16–19.	Expression	of	the	dhurrin	pathway	in	the	ER	of	Arabidopsis	and	29	
tobacco	 20,21	 and	also	 tobacco	chloroplasts	 5	 shows	 the	presence	of	a	plethora	of	metabolites	30	












TatA,	 TatB	 and	 TatC,	 but	 sometimes	 includes	 additional	 proteins,	 which	 arise	 from	 gene	8	
duplication	of	TatA23.	The	TatB	and	TatC	protein	components	interact	with	each	other	to	form	9	
a	heterodimer	and	the	native	TatBC	complex	contains	several	copies	of	TatBC.	In	E.	coli,	TatB	10	
comprises	 an	 N-terminal	 transmembrane	 helix	 followed	 by	 a	 basic	 amphipathic	 helix.	 The	11	
central	region	of	the	protein	is	predicted	to	be	mainly	helical,	and	the	C-terminal	region	to	be	in	12	
a	 random	 coiled	 conformation	 24,25.	 The	 transmembrane	 domain	 has	 been	 reported	 as	 the	13	
contact	 site	 between	 TatB	 and	 the	 transmembrane	 helix	 5	 of	 TatC	 26–28.	 However,	 the	14	
amphipathic	 helix	 was	 also	 shown	 to	 have	 peripheral	 interactions	 with	 the	 membrane	 29.	15	
Moreover,	 bacterial	 two-hybrid	 analysis	 of	 the	 TatB	 protein,	 showed	 that	 besides	 the	16	
transmembrane	domain	and	the	amphipathic	helix,	its	central	region	is	still	important	for	it	to	17	
self-interact	24.	18	
Co-localization	 of	 the	 dhurrin	 pathway	 enzymes	 was	 achieved	 by	 exchanging	 the	 natural	19	
membrane	anchors	of	the	P450s	with	TatB	and	fusing	the	soluble	UGT	to	the	transmembrane	20	
protein	TatC	via	a	flexible	linker.	Using	this	approach	we	show	improved	substrate	channeling,	21	



















transit	 peptide,	 predicted	 transmembrane	 domain	 and	 amphipathic	 helix	 considered	 to	 be	14	
responsible	 for	 the	 assembly	 of	 TatB	 and	 TatC,	 and	 a	 long	 (prefix	 BL-)	 version,	 which	15	
additionally	includes	the	central	region	of	the	protein,	important	for	TatB-TatB	interaction.	The	16	
natural	transmembrane	helix	domain	of	the	P450s	was	removed	before	fusing	the	TatB	parts.	17	
TatC	 is	 a	 six	 transmembrane	 domain	 protein	whose	 fifth	 helix	 is	 responsible	 for	 interaction	18	
with	 TatB	 26,27.	 Since	 keeping	 only	 the	 fifth	 helix	 could	 lead	 to	 misfolding	 and	 possible	19	
proteolysis,	we	fused	the	entire	TatC	protein,	including	the	transit	peptide,	to	UGT85B1.	As	this	20	
UGT	 is	 a	 soluble	 protein,	 a	 15	 amino	 acid	 linker	 was	 added	 to	 ensure	 flexibility.	 For	 that	21	
purpose	a	Gly/Ser	sequence	was	chosen	to	avoid	secondary	structure	and	reduce	susceptibility	22	
to	proteases	30.		In	case	of	the	Tat	fusions,	the	transit	peptide	from	ferredoxin	was	unnecessary,	23	
since	 both	 TatB	 and	 TatC	 possess	 their	 own	 transit	 peptides,	 which	 direct	 them	 to	 the	24	
chloroplast.		25	
Transient	 infiltration	 of	 plants	 allows	 for	 high	 protein	 expression	 and	 is	 a	 quick	 and	 simple	26	
method	 for	 combinatorial	 studies	 31,32.	Agrobacterium	 cells	 transformed	with	 the	 expression	27	
vectors	 carrying	 single	 constructs	 were	 generated.	 Subsequently,	 single	 or	 mixtures	 of	28	













(U-71)	 and	 UGT85B1	 (U-UGT).	 Further	 the	 P450s	 without	 their	 transmembrane	 domains	8	
(CYP79A1:	 Δ1-105	 and	 CYP71E1:	 Δ1-111)	were	 fused	 to	 two	 different	 lengths	 of	 the	 cDNA	9	



















ferredoxin	 were	 used	 as	 controls	 4.	 In	 this	 experiment,	 constructs	 for	 each	 enzyme	 of	 the	7	
dhurrin	pathway	were	infiltrated	together	in	either	UUU	(previously	described	by	Nielsen	et	al	8	
4)	 ,	 SSC	 or	 LLC	 configurations,	 with	 letters	 denoting	 the	 N-terminal	 fusions	 of	 CYP79A1,	9	
CYP71E1	 and	 UGT85B1,	 respectively	 (Table	 1).	 Previously,	 U-UGT	was	 shown	 to	 localize	 to	10	














UUU	 U-79	 U-71	 U-UGT	
SSC	 BS-79	 BS-71	 C-UGT	
LLC	 BL-79	 BL-71	 C-UGT	
LLU	 BL-79	 BL-71	 U-UGT	





The	 size	 differences	 of	 the	P450	 fusion	 enzymes	 (Fig.	 2)	 arise	 due	 to	 the	 presence	 of	 either	21	
native	transmembrane	domain	(U-79:	62	kDa),	the	presence	of	a	short	version	of	TatB	(BS-79:	22	












Fig.	 2.	 Immunoblot	 analysis	 of	 thylakoids	 isolated	 from	N.	 benthamiana	 leaves	 5	 days	7	








We	 next	 wanted	 to	 investigate	 whether	 combinations	 of	 the	 Tat-fused	 enzymes	 showed	16	




the	 pathway	 (Fig.	 3).	 We	 could	 detect	 dhurrin,	 oxime	 and	 nitrile	 in	 all	 the	 experiments,	21	
showing	that	the	P450s	proteins	are	active	when	fused	with	both	short	and	long	TatB	domains.	22	










we	 performed	 control	 experiments	 using	 Tat-fused	 P450s	 with	 unfused	 UGT	 (LLU	8	
combination),	or	unfused	P450s	with	Tat-fused	UGT	(UUC	combination).	The	LLU	combination	9	
serves	 to	 channel	 the	 oxime	 towards	 nitrile,	 and	 accordingly	 shows	 84%	 reduction	 in	 the	10	
amount	 of	 oxime	 but	 no	 change	 of	 aldehyde	 or	 dhurrin	 levels.	 Conversely,	 in	 the	 UUC	11	
combination,	wherein	the	UGT	is	anchored	to	the	membrane	should	not	have	any	channeling	12	
through	 the	 P450-catalyzed	 steps	 (tyrosine	 to	 nitrile),	 but	 improved	 channeling	 of	 nitrile	 to	13	
dhurrin.	 Consistent	 with	 our	 hypothesis,	 we	 found	 increased	 levels	 of	 oxime	 (63%)	 but	 a	14	










Fig.	 3.	 Schematic	 representation	 of	 the	 dhurrin	 pathway	 and	 of	 the	 glycosylated	3	
products	detected	 in	Nicotiana	benthamiana.	The	dhurrin	pathway	 (grey)	 consists	of	 two	4	
membrane-bound	 P450s	 (CYP79A1	 and	 CYP71E1)	 and	 a	 soluble	 UDP-glucosyl	 transferase	5	
(UGT85B1).	 The	 intermediate	 p-hydroxymandelonitrile	 is	 labile	 and	 if	 not	 stabilized	 by	 the	6	
UGT	 dissociates	 into	 p-hydroxybenzaldehyde	 and	 hydrogen	 cyanide.	 Glycosylated	 products	7	
detected	by	LC-MS	in	transient	expression	of	the	pathway	in	N.	benthamiana	are	derived	from	8	










Fig.	 4.	 Quantification	 of	 dhurrin	 and	 intermediates:	 oxime	 and	 nitrile	 (detected	 as	 p-3	
hydroxybenzaldehyde).	The	intermediate	p-hydroxymandelonitrile	is	labile	and	it	dissociates	4	
into	 hydrogen	 cyanide	 and	 the	more	 stable	 and	 detectable	 aldehyde.	 See	 table	 for	 plasmids	5	
combination	 used	 for	 transient	 transformation	 of	 leaves.	 The	 amounts	 of	 intermediates	 are	6	







Next	 we	 examined	 the	 production	 of	 glucosides	 derived	 from	 oxime	 and	 nitrile	 (Fig.	 3)	 in	14	
plants	infiltrated	using	the	different	plasmid	combinations	(Table1).	Although	these	glucosides	15	
have	been	previously	described	5,20,33	authentic	standards	were	only	available	for	some	of	them	16	





4-fold	 increase	 in	dhurrin	 in	 SSC	 and	LLC	 combinations,	with	 overall	 levels	 of	 side-products	22	
reduced	 5.5-fold	 and	 in	 some	 cases	 below	 the	 detection	 limit.	 The	 levels	 of	 oxime-	 but	 not	23	
nitrile-derived	 glucosides	 were	 reduced	 in	 the	 LLU	 combination,	 consistent	 with	 our	24	





























Fig.	 5.	 Relative	 amounts	 of	 dhurrin	 and	 side	 products	 extracted	 from	N.	 benthamiana	26	
leaves	5	days	after	 infiltration	 (Next	page).	 Plants	were	 infiltrated	with	 a	 combination	of	27	
plasmids	 as	 indicated	 in	 the	 table.	 Quantification	 of	 peak	 areas	 is	 relative	 to	 the	 internal	28	















Ensuring	 full	 orthogonality	 of	 the	heterologous	 expressed	proteins	 to	 avoid	 interaction	with	6	
the	endogenous	ones	is	almost	impossible	to	predict	and	only	in	vivo	testing	can	show	this.	The	7	
rationale	of	 choosing	 the	Tat	proteins	 from	Arabidopsis	 thaliana	was	 to	ensure	 that	 the	new	8	
“parts”	would	localize	to	the	thylakoids	of	N.	benthamiana.	9	
All	 P450s	 fusions	 localize	 to	 the	 thylakoid	 fraction	 of	 the	 chloroplast	 (Fig.	 S1	 and	 Fig.	 2)	 as	10	
expected.	Both	TatB	and	TatC	have	their	own	transit	peptide	directing	them	to	the	chloroplast,	11	
and	have	been	shown	to	localize	to	the	thylakoid	membranes	34,35.	The	fusion	of	the	P450s	with	12	
the	 transit	 peptide	 from	 ferredoxin	 has	 previously	 been	 shown	 to	 localize	 them	 to	 the	13	
chloroplasts	and	 the	natural	membrane	domains	of	 the	P450s	 localize	 them	to	 the	 thylakoid	14	
fraction	4.		15	
Western	 blot	 analysis	 of	 proteins	 prepared	 from	 chloroplasts	 show	 that	 the	 fusion	 proteins	16	
have	a	higher	susceptibility	to	proteolysis	(see	BL79,	BL71	in	Fig.	S1)	when	compared	to	the	17	
same	 proteins	 in	 thylakoid	 membranes	 prepared	 directly	 without	 prior	 isolation	 of	 intact	18	
chloroplasts	(Fig.	2).	This	could	be	due	to	the	fact	that	the	method	to	isolate	thylakoids	is	much	19	
faster	 than	 the	 one	 to	 isolate	 chloroplasts	 thereby	 avoiding	 degradation	 by	 chloroplast	20	
proteases.	Similar	results	have	been	described	upon	truncation	of	the	transmembrane	domain	21	
of	CYP79A1	33.	22	
Triple	 infiltrations	of	 leaves	with	UUU,	SSC,	 and	LLC	 led	 to	expression	differences	 in	protein	23	




of	 toxic	 side	 products	 formed.	 Similarly,	 SSC	 (where	 the	 P450s	 might	 not	 be	 interacting	28	
efficiently	 but	 where	 there	 is	 good	 channeling	 from	 the	 aldehyde	 to	 dhurrin)	 shows	 a	 low	29	
expression	of	CYP79A1	but	not	of	CYP71E1.	30	
The	presence	of	all	the	enzymes	of	the	pathway	has	been	shown	to	be	crucial	for	the	reduction	31	
of	 side	 products	 and	 formation	 of	 a	metabolon	when	 expressed	 in	 the	 ER	 of	 Arabidopsis	 21.	32	
Translocation	of	 the	pathway	 from	the	ER	to	 the	chloroplast	creates	other	obstacles,	 such	as	33	
17	
	





the	 change	 of	 the	 lipid	 composition	 of	 the	 thylakoid	 membranes.	 Phospholipids	 such	 as	6	
phosphatidylcholine	 (PC)	 and	 phosphatidylinositol	 (PI)	 are	 the	main	 components	 of	 the	 ER	7	
membrane	 while	 the	 thylakoid	 membranes	 are	 richer	 in	 galactolipids,	 such	 as	8	





5,20	 in	 tobacco,	 though	 we	 detected	 p-glucosyloxyphenylacetaldoxime	 but	 did	 not	 detect	 p-14	
glucosyloxy-phenylacetonitrile	 and	 p-hydroxyphenyl-(acetaldoxime	 glucoside).	 These	15	
differences	might	arise	because	the	studies	used	different	LC-	and	GC-MS	methods.	Oxime	has	16	




Likewise,	observations	made	on	N.	 tabacum	 stably	expressing	 the	dhurrin	pathway5,	and	the	21	
presence	 of	 numerous	 glucosides	 derived	 from	nitrile	 in	 the	 leaf	 extracts	 of	 the	 unmodified	22	
pathway	 (the	 UUU	 combination)	 suggests	 inefficient	 coupling	 between	 the	 enzymes	 of	 the	23	
pathway.	However,	only	glucosides	derived	from	the	oxime	where	detected	when	the	pathway	24	
was	expressed	in	the	ER	of	N.	benthamina20.	This	might	suggest	that	stabilization	of	the	nitrile	25	
by	 the	 UGT85B1	 is	 the	 main	 step	 that	 is	 required	 for	 more	 efficient	 channeling	 when	 the	26	
pathway	is	transferred	to	the	chloroplast.	This	could	mean	that	CYP79A1	is	more	active	in	the	27	
ER	 or	 perhaps	 that	 the	 UGT	 is	 unstable	 in	 the	 chloroplast.	 Possibly	 its	 interaction	with	 the	28	
P450s	is	hampered	in	some	way	by	the	new	environment.		29	
Both	 scaffolding	 strategies	 used,	 i.e.	 the	 SSC	 and	 LLC	 combinations,	 lead	 to	 an	 increase	 in	30	
dhurrin	 titers	 and	 a	 reduction	 in	 the	 accumulation	 of	 intermediates	 and	 unwanted	 side	31	
products,	with	LLC	achieving	the	largest	increase	(Fig.	4	and	5).		32	





soluble)	shows	a	reduction	 in	 the	amount	of	oxime	and	derived	glucosides.	 It	also	displays	a	3	
similar	metabolic	profile	 compared	 to	 the	unmodified	pathway	 (UUU)	of	dhurrin,	nitrile	and	4	
nitrile-derived	 glucosides.	 These	 results	 suggest	 that	 when	 the	 P450s	 are	 fused	 to	 the	 long	5	
versions	of	TatB,	they	come	into	close	proximity,	forming	less	oxime,	but	that	its	fusion	has	no	6	
influence	 on	 the	 final	 step	 of	 the	 pathway,	 once	 there	 is	 no	 TatC	 to	 promote	 interaction	7	
between	the	TatBs	and	subsequently	between	the	P450s	and	the	UGT.	8	
Next,	 we	 wanted	 to	 see	 if	 the	 reduction	 in	 aldehyde,	 its	 glucosides	 and	 the	 increased	9	
production	of	dhurrin	was	simply	due	to	the	fact	that	we	tethered	the	UGT	to	the	membrane	10	
via	TatC.	By	 infiltrating	 the	UUC	combination,	we	targeted	 the	UGT	to	 the	membrane,	but	no	11	
increased	 interaction	 should	 occur	 between	 the	 P450s	 and	 the	 UGT,	 besides	 their	 inherent	12	
ability	to	interact.	This	showed	a	similar	increase	in	the	levels	of	dhurrin	compared	to	the	LLC	13	
pathway	and	an	equally	steep	reduction	in	nitrile	and	side	products	as	also	seen	with	the	SSC	14	
and	LLC	combinations.	However	 the	 levels	of	oxime	and	oxime-derived	glucosides	 increased	15	
even	in	comparison	with	the	unmodified	pathway.	We	do	not	have	a	clear	explanation	of	why	16	
this	happens	but	 studies	with	reconstituted	 liposomes	have	proposed	 that	 the	UGT	 interacts	17	
specifically	 with	 both	 P450s,	 increasing	 the	 P450s	 catalytic	 properties	 and	 in	 the	 process	18	
increasing	the	flux	and	channeling	from	L-tyrosine	to	dhurrin	13.	It	is	probable	that	in	the	UUC	19	




achieve	 substrate	 channeling.	 Different	 permutations	 of	 the	 anchors/enzymes	 were	 not	24	
attempted	but	would	be	interesting	to	investigate	in	the	future.		25	
Previous	 work	 has	 shown	 that	 the	 dhurrin	 pathway	 can	 be	 relocated	 to	 the	 chloroplast	 of	26	
plants,	 cyanobacteria	 and	 algae	 4–8,33,	 which	 allows	 the	 use	 of	 reducing	 power	 generated	 by	27	
photosynthesis.	 Likewise,	 the	 required	 precursors	 for	 dhurrin	 synthesis	 (tyrosine	 and	 UDP-28	
glucose)	are	endogenously	present	in	the	chloroplast	39,40	and	the	reducing	environment	of	the	29	
stroma	may	 stabilize	 the	P450s	 4,	making	 the	 chloroplast	 an	 attractive	 compartment	 for	 the	30	
production	 of	 bioactive	 natural	 products.	 Furthermore,	 chloroplasts	 appear	 to	 allow	 higher	31	
steady	state	accumulation	of	enzymes	than	heterologous	expression	and	targeting	to	ER	20,21	5,	32	









the	 new	 proteins	 could	 impair	 thylakoid	 functions.	 We	 did	 not	 attempt	 stable	 tobacco	7	
transformation	 since	previous	 studies	 show	 that	 this	 is	 not	 a	 suitable	 system	 to	 express	 the	8	
dhurrin	pathway	41.	Further,	while	not	very	prevalent	yet,	 the	transient	expression	system	is	9	
becoming	a	 common	protein	production	platform	system	 for	 commercial	uses,	 especially	 for	10	
antibodies	production	and	for	vaccines	such	as	ebola	and	influenza	31,42,43.		11	
This	 study	 shows	 the	 first	 exchange	 of	 membrane	 anchors	 for	 an	 entire	 P450-dependent	12	
pathway	 used	 in	 plant	 chloroplasts.	 The	 dhurrin	 pathway	 was	 channeled	 by	 fusing	 its	13	
biosynthetic	enzymes	to	components	of	the	Twin-Arginine	Translocation	pathway,	which	have	14	
self-assembly	 properties	 that	 in	 turn	 allowed	 for	 co-localization	 of	 the	 pathway	 enzymes.	15	
Consequently,	 increased	 titers	of	dhurrin	and	a	decrease	of	 intermediates	 and	 side	products	16	












Construction	 of	 the	 fusion	 of	 the	 ferredoxin	 transit	 peptide	 and	 the	 full-length	 enzymes	6	
(CYP79A1,	CYP71E1	and	UGT85B1)	were	carried	out	as	previously	described	4.	7	
The	 full-length	Arabidopsis	 thaliana	 TatB	 (HCF106	 NCBI	 gene	 ID:	 835320)	 and	 TatC	 (APG2	8	
NCBI	 gene	 ID:	 814640)	 genes	were	 PCR-amplified	 form	A.	 thaliana	 ecotype	 Columbia	 cDNA	9	
and	cloned	into	SalI-BamHI	 linearized	E.	coli	expression	vector	pUC19	for	subsequent	cloning	10	
steps.	The	Gibson	assembly	method	45	was	used	with	the	primers	listed	in	Table	S1.	11	
The	 fusion	 constructs	 (TatBS-CYP79,	 TatBS-CYP71,	 TatBL-CYP79,	 TatBL-CYP71,	 TatC-UGT)	12	
were	 obtained	 from	 fragments	 amplified	with	 Gibson-compatible	 overhangs	 from	 CYP79A1,	13	
CYP71E1,	UGT85B1	4,TatB	and	TatC	with	the	primers	listed	in	Table	S2.	Gene	fragments	were	14	























(pH	 7.9)	 for	 15	min.	 Subsequently,	 thylakoids	 were	 sedimented	 at	 11,200g	 for	 10	min	 and	3	
resuspended	 in	 homogenizing	 buffer	 without	 sodium	 ascorbate	 and	 BSA	 but	 supplemented	4	





Intact	 chloroplasts	 were	 isolated	 from	 N.	 benthamiana	 leaves	 5	 days	 after	 Agrobacterium	10	
infiltration.	All	steps	were	carried	out	on	ice	and	under	green	light.	Leaves	were	homogenized	11	
in	HS	buffer	(50	mM	Hepes	–	KOH	pH	8,	0.33	M	sorbitol)	and	filtrated	through	2	layers	of	nylon	12	




3000g	 for	2	min	and	resuspended	 in	HS	buffer.	For	 fractionation	of	chloroplasts	 into	stroma	17	
and	 thylakoid	 fractions,	 aliquots	 of	 purified	 intact	 chloroplasts	were	 diluted	 fourfold	with	 5	18	
mM	tricine	 (pH	7.9)	and	allowed	 to	 lyse	 for	15	min	on	 ice.	Thylakoid	membranes	were	 then	19	
pelleted	 by	 centrifugation	 (11,200g,	 10	 min),	 and	 the	 stromal	 fraction	 recovered	 as	 the	20	











Blots	were	 then	washed	 in	PBS-T	 and	 subsequently	 incubated	 for	1	h	 at	RT	with	polyclonal	32	
swine	 anti-rabbit	 immunoglobulins	 conjugated	 to	 HRP	 (DAKO)	 (1:5000)	 in	 PBS-T	 with	 2%	33	
22	
	
skimmed	 milk.	 Secondary	 antibody	 was	 detected	 with	 Super	 Signal	 West	 Dura	 substrate	1	








centrifuged	 (4,300g,	 3	 min),	 0.5	 mL	 80%	 methanol	 was	 added	 and	 the	 material	 was	 re-10	
suspended	and	extracted	by	vortexing	(5	min,	RT).	Samples	were	centrifuged	(5	min,	10,000g)	11	
and	 the	 supernatant	 was	 filtered	 through	 centrifugal	 filters	 (0.2	 µm	 PTFE	 membrane,	12	
Advantec)	 and	 stored	 at	 -20ºC.	 Samples	were	 further	 diluted	 to	 20%	methanol	 and	 filtered	13	
















glucosyloxyphenylacetaldoxime	 and	 p-hydroxybenzaldehyde	 were	 detected	 by	 multiple	30	
reaction	monitoring	of	m/z	(+)314>152	transitions	(10	eV	collision	energy)	for	the	glucoside,	31	
with	E	and	Z	isomers	eluting	at	2.8	and	3.0	min,	and	m/z	(-)121>92	transitions	(16	eV	collision	32	
energy)	 for	 the	 aldehyde,	 eluting	 at	 tR	 of	 4.5	 min.	 Standard	 curves	 of	 p-33	
23	
	












released	 again	 after	 0.5	 min.	 Standard	 curves	 of	 dhurrin,	 p-glucosylphenylacetaldoxime,	 p-13	
glucosyloxy-phenylethanol	and	p-glucosyloxy-benzoic	acid	 ranging	 from	100	 to	20000	µg	L-1	14	






to	 determine	 statistical	 significance.	 When	 data	 did	 not	 satisfy	 the	 normality	 law,	 Mann-21	
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UUU	 20.2	(156.7)	 148.7	(141.5)	 1152.9	(282.3)	
SSC	 6.1	(	4.2)	 25.8	(24.9)	 160.5	(60.5)	
LLC	 9.5	(6.5)	 23.6	(14.5)	 35.7	(31.5)	
LLU	 15.7	(	4.5)	 *	 952.5	(237.7)	
UUC	 503.9	(	206.4)	 281.3	(120.9)	 26.7	(15.3)	
	1	
Table	 S3.	 Absolute	 quantification	 of	 p-glucosylphenylacetaldoxime;	 p-glucosyloxy-2	








were	 probed	 with	 antibodies	 against	 either	 CYP79A1,	 CYP71E1,	 PSI-D	 (PsaD,	 a	 thylakoid	5	
marker),	or	a	RuBisCo	small	subunit	(RbcS,	a	stroma	marker).	Mobilities	of	protein	standards	6	
of	known	mass	(in	kDa)	are	indicated	on	the	left.		7	
	8	
	9	
	10	
	11	
	12	
	13	
